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The heavy-fermion compound CeCu6−xAux has become a model system for unconventional mag-
netic quantum criticality. For small Au concentrations 0 ≤ x < 0.16, the compound undergoes a
structural transition from orthorhombic to monoclinic crystal symmetry at a temperature Ts with
Ts → 0 for x ≈ 0.15. Antiferromagnetic order sets in close to x ≈ 0.1. To shed light on the interplay
between quantum critical magnetic and structural fluctuations we performed neutron-scattering and
thermodynamic measurements on samples with 0 ≤ x ≤ 0.3. The resulting phase diagram shows
that the antiferromagnetic and monoclinic phase coexist in a tiny Au concentration range between
x ≈ 0.1 and 0.15. The application of hydrostatic and chemical pressure allows to clearly separate
the transitions from each other and to explore a possible effect of the structural transition on the
magnetic quantum critical behavior. Our measurements demonstrate that at low temperatures the
unconventional quantum criticality exclusively arises from magnetic fluctuations and is not affected
by the monoclinic distortion.
Competing interactions often lead to magnetic quan-
tum critical points (QCPs), where quantum fluctuations
govern how a system develops long-range magnetic or-
der. In metals, these fluctuations have a crucial impact
on the electronic properties and usually lead to strong
deviations from Fermi-liquid behavior. Heavy-fermion
(HF) compounds, i.e., intermetallic compounds contain-
ing a sublattice of 4f or 5f elements, have become model
systems to study QCPs because small pressures suffice
to shift the delicate balance between the Ruderman-
Kittel-Kasuya-Yoshida (RKKY) interaction promoting
long-range magnetic order and the Kondo effect sup-
pressing ordering by locally screening the magnetic mo-
ments [1]. Many antiferromagnetic quantum-critical HF
systems can be described within the Hertz-Millis-Moriya
theory of QCPs, but there is a growing number of com-
pounds that fall outside this classification [2], notably
the HF compounds CeCu6−xAux [3] and YbRh2Si2 [4].
In the model of local quantum criticality of HF systems,
it was suggested that this unconventional behavior arises
from the coincidence of different zero-temperature tran-
sitions: the onset of long-range antiferromagnetic order
and the breakdown of the Kondo screening [5]. More
detailed studies revealed that in CeCu6−xAux the un-
conventional magnetic QCP is close to a structural tran-
sition from an orthorhombic (Pnma) to a monoclinic
crystal symmetry (P21/c) [6, 7]. Recently, continuous
structural transitions at zero temperature started to at-
tract interest as they can induce quantum critical lattice
fluctuations [8]. Indeed, experimental studies of the non-
magnetic analogue LaCu6−xAux suggested the possibil-
ity of an elastic quantum critical point of a monoclinic-
orthorhombic transition without any magnetic transition
[9]. Moreover, the structural and magnetic transitions in
the rare-earth homologs CeCu6−xAgx and CeCu6−xPdx
have been studied in detail [10]. While the magnetic QCP
in CeCu6−xAgx occurs in the orthorhombic phase and
is well separated from the structural phase transition,
in CeCu6−xPdx, the magnetic QCP occurs well within
the monoclinic phase. Thus, CeCu6−xAux provides the
unique setting to study the interplay between magnetic
and elastic quantum critical fluctuations.
In CeCu6 the strong Kondo effect inhibits long-range
antiferromagnetic order which, however, can be induced
by applying negative chemical pressure. This is accom-
plished by replacing Cu by larger transition-metal ions,
e.g., M = Au [11], Ag [12], Pd, or Pt [13]. Here, we deter-
mine the critical Au concentrations of the magnetic and
elastic zero-temperature transitions by tracking the an-
tiferromagnetic and monoclinic phase boundaries down
to T ≈ 30 mK as a function of both chemical and hydro-
static pressure. Employing neutron-diffraction, thermal-
expansion, specific-heat, and magnetization measure-
ments allows to compare the critical behavior of samples
with varying distance to the possible elastic QCP and
thereby to extract the impact of the elastic fluctuations
on the magnetic behavior and vice versa.
Single crystals of CeCu6−xAux with varying Au con-
centrations were grown by the Czochralski method under
high-purity argon atmosphere. The gold content and oc-
cupancy of the Cu(2) site were determined by atomic ab-
sorption spectroscopy and single-crystal X-ray four-cycle
diffraction analysis, respectively. We studied the struc-
tural phase transition of CeCu6−xAux samples with x =
0.0, 0.101(1), 0.134(4), 0.150(1), and 0.155(3) by single-
crystal elastic neutron scattering on the thermal triple-
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2FIG. 1. (Color online) (a) Monoclinic order parameter Q of
CeCu6−xAux for several x, 0 ≤ x ≤ 0.15 as a function of
temperature T . The inset shows the crystal structure. (b)
Precursor of the monoclinic transition observed in Q. (c)
Volume change ∆Vm/V due to the monoclinic distortion.
axis spectrometer 1T instrument at the Laboratoire Le´on
Brillouin, CEA Saclay, France. Measurements were per-
formed using pyrolythic graphite as both monochroma-
tor and analyzer with a energy of ki = kf = 14.7 meV.
The samples were mounted in a closed-cycle refrigera-
tor with 2 K ≤ T ≤ 300 K. The thermal expansion was
measured with a homemade capacitance dilatometer and
the heat capacity by using the semi-adiabatic heat-pulse
technique. The magnetization measurements were per-
formed in a commercial SQUID magnetometer (Quan-
tum Design, San Diego, CA).
At room temperature, CeCu6−xMx crystallizes in the
orthorhombic CeCu6-type structure. In this structure,
five of the six Cu sites of the primitive unit cell are non-
equivalent and, consequently, surrounded by different co-
ordination polyhedra. The Cu(2) site has the largest
volume and is occupied initially when Cu is being re-
placed by larger metal ions M [14]. A tiny monoclinic
distortion reduces the excess volume of the Cu(2) site
∆VCu(2) although the unit-cell volume of the monoclinic
phase is larger than that of the orthorhombic phase. To
distinguish between monoclinic and orthorhombic nota-
tions, which differ by a permutation of the axes, we use
in the following the subscripts m for the monoclinic nota-
tion [see inset of Fig. 1(a)]. The corresponding structural
phase transition, which can be viewed as a small shear
strain of the amcm planes, emerges from a softening of
transverse acoustic phonons. Neutron-scattering exper-
iments [15], thermal-expansion [6], ultrasound-velocity
[16, 17], and resistivity measurements [18] unambigu-
ously reveal a continuous, second-order transition. Mea-
surements under pressure indicate that this transition is
extremely sensitive to volume changes and can easily be
suppressed by reducing ∆VCu(2), either by external hy-
drostatic pressure [6, 19], by replacing Ce with smaller
rare-earth ions R [20–22], or by substituting larger metal
ions for Cu(2) [6]. The CeCu6 structure is homoge-
neously maintained in CeCu6−xAux for x ≤ 1 [23].
Below the structural transition temperature Ts the
monoclinic distortion leads to a twinning with {100}m as
common twin plane. The order parameter Q is given by
the monoclinic strain amcm cosβ. Using elastic neutron
scattering, we determined the temperature dependence
of Q by measuring the lattice parameters and the split-
ting angle of the Bragg peak (200)m, which is twice the
deviation angle from 90◦. In Fig. 1(a), Q2 is plotted as
a function of T . In accordance with the expected mean-
field behavior Q ∝ (Ts−T )1/2, Q2 shows a roughly linear
T dependence over a wide temperature range as previ-
ously observed for CeCu6 [22]. Linear extrapolations of
Q2(T ) to Q2 = 0 are used to determine Ts. With increas-
ing x, Ts shifts to lower T . For x ≥ 0.150 no long-range
monoclinic distortion could be detected.
Towards low temperatures in the monoclinic phase, the
measurements of Q2 exhibit a maximum and an unusual
downturn. A similar, albeit stronger, behavior has been
reported for SmCu6 where it was attributed to a nega-
tive valence change of the Sm ion [22]. The maximum
of Q2(T ) in CeCu6−xAux occurring around 10 K maybe
attributed to the Kondo effect which entails virtual tran-
sitions of the 4f electron to the Fermi level, thus mini-
mally decreasing the effective 4f occupancy of Ce lead-
ing to an effective reduction of the Ce-ion size. In line
with this argument, the temperature of the Q2 maxi-
mum corresponds to the (single-ion) Kondo temperature
of TK ≈ 6 K [24]. By employing measurements of the
thermal expansion and the monoclinic distortion angle β
we estimate the volume change generated by the mon-
oclinic distortion ∆Vm ≈ V (x) − V (x = 0.15) with the
volume above Ts subtracted [see Fig.1(c)]. The temper-
ature dependence of ∆Vm closely resembles that of Q
2
with an even more significant reduction below TK .
3Above Ts, the structural transitions are accompanied
by precursors extending to ≈ 2Ts [see Fig. 1(b)]. As the
precursors appear in both Au-alloyed and stoichiomet-
ric CeCu6, they are unlikely to arise from sample inho-
mogeneities but rather point to critical fluctuations of
the order parameter, as expected for continuous phase
transitions. The crossover from a finite Q for T < Ts
to fluctuations occurs at the same Qexp, independent of
x [horizontal dashed line in Fig.1(b)]. Below Qexp, the
monoclinic splitting of the (200)m peak can no longer be
resolved as two separate peaks because of the finite ex-
perimental energy resolution. Here, Q2 is inferred from
the observed broadening beyond the experimental reso-
lution due to fluctuations within the time window of our
neutron scattering measurements (≈ 10−12 sec). The fact
that the data of Q2 for x = 0.150 fall short of Qexp by
a factor of 10 at the lowest temperature suggests that
x = 0.150 is a little larger than the critical concentration
for Ts = 0.
We now turn to the magnetic phase transition. As
a consequence of its second-order nature, the transi-
tion anomaly observed in the specific heat C disappears
when TN approaches zero [25]. At a pressure-induced
QCP, on the other hand, the anomalies of the linear
thermal expansion coefficients αi along the i = a, b, c
axes remain very large. This results from the Ehren-
fest relation between the changes of αi and C at TN
and the uniaxial pressure dependence of TN : ∆αi =
∆C(V TN )
−1(∂TN/∂σi), with i = a, b, c. The normalized
ratio T−1N ∂TN/∂σi is synonymous with the Gru¨neisen
ratio Γi of the antiferromagnetic phase with the order-
ing temperature as characteristic energy scale E∗. As a
hallmark of QCPs, the Gru¨neisen ratio diverges by ap-
proaching the QCP because E∗ → 0 [26]. This leads to
an anomaly of αi enhanced by Γi compared to that of
C. To resolve the magnetic transition at very low tem-
peratures we therefore recorded αi as a function of T
along the principal orthorhombic crystallographic axes
i = a, b, c, neglecting the small monoclinic distortion.
The specific-heat and thermal-expansion results are dis-
played as C/T and αc/T in Fig. 2(a) and (b), respec-
tively. For x ≥ 0.134 the transitions are clearly visible
in αi and exhibit the expected increase of TN towards
higher gold concentrations x. αc(T ) of the x = 0.134 sin-
gle crystal reveals at very low temperatures a downturn,
indicative of a phase-transition onset. The base temper-
ature of our experiment of ≈ 30 mK, however, prevents
us from observing a full transition. The positive devia-
tion from the C/T lnT dependence for x = 0.134 below
≈ 100 mK supports the existence of a finite-T magnetic
transition (cf. C/T vs. T for x = 0.150).
We show in Figure 3(a) the results of TN (x) and Ts(x)
together with literature data [6, 17, 27, 28]. TN was taken
as the temperature of the midpoint of the transition in
αc(T ) shown in Fig. 2(b). For x . 0.3, TN roughly fol-
lows the linear x dependence observed for higher x. In
FIG. 2. (Color online) (a) The specific-heat coefficient C/T
and (b) the linear thermal-expansion coefficient αc divided by
temperature T as a function of T . The data of the x = 0.150
sample were measured along the a axis and for comparison
multiplied by constant factor of −3.5.
particular, the data do not exhibit a sublinear decrease
towards TN → 0 expected for the crossover to a three-
dimensional antiferromagnetic quantum criticality [29].
The data, therefore, confirm the two-dimensional char-
acter of the fluctuations in the investigated T range.
We note a tiny overlap between the two different types
of order. This is experimentally substantiated for the
sample x = 0.134 which shows a clear onset of a magnetic
transition at ≈ 0.04 K [see Fig. 2(b)] and a clear signa-
ture of the structural transition at Ts = 27.5 K. This is
a very strong hint that the two transitions are separate
and do not meet at a quantum (multicritical) point at
T = 0 as suggested by Robinson et al. [7]. Looking at
the ensemble of samples, TN vanishes at 0.1 ≤ x < 0.134,
and Ts vanishes for x > 0.150. The fact that the mag-
netic and monoclinic phases in CeCu6−xAux coexist in
a tiny concentration overlap is independent of the ex-
act x dependencies of TN (x) and Ts(x). This behav-
ior is to be contrasted with that of two extreme cases:
CeCu6−xAgx where the monoclinic distortion ends for
Ag concentrations well below the onset of magnetic or-
der, and CeCu6−xPdx where Ts does not depend at all
on the Pd content [10].
The proximity of the magnetic and elastic QCP in
4FIG. 3. (Color online) (a) (x,T )-phase diagram of
CeCuAu6−xAux. The inset shows the decrease of the or-
der parameter Q with x. (b) The phase diagram extended
by the hydrostatic pressure p as additional control param-
eter. The Ts(x = 0) value under pressure is estimated by
using the p dependence of Ts from Ref. [19]. (c) The spe-
cific heat coefficient C/T of crystals that have been tuned to
the magnetic quantum-critical phase boundary by varying x
and p. The identical scaling behavior has been reported for
CeCu5.95Pd0.05 [13] and CeCu5.8Ag0.2 [12].
CeCu6−xAux is accidental. This is underpinned by a
comparison of the reported pressure dependences of the
magnetic and monoclinic transitions at various Au con-
centrations shown in Fig. 3(b): the hydrostatic pressure
dependences of Ts and TN are both negative [6, 19, 30,
31], thus separating the two QCPs with increasing pres-
sure. On the other hand, the character of the magnetic
quantum phase transition is preserved. Figure 3(c) shows
the specific heat C/T on a logarithmic T scale for x = 0.1
at p = 0 [11], x = 0.2 at p = 4.1 kbar [30] and for x = 0.3
for p = 8.2 kbar [31]. Not only is the scaling behav-
ior C/T ∝ ln(T0/T ) identical, but also the characteristic
temperature T0 governing the slope of the logarithmic di-
vergence is preserved. T0 is analogous to the amplitude
of the divergence for T > Tc and T < Tc in classical
second-order phase transitions at finite Tc. Moreover,
even the absolute values of the anomaly of the specific
heat and hence the entropy at any temperature are iden-
tical, indicating that along the boundary of magnetic vs.
nonmagnetic ground states always the same number of
degrees of freedom is released. Thus an accidental de-
generacy of Ts and TN at a concentration at x = 0.14 is
not expected to induce a change in the unusual magnetic
quantum-critical behavior.
The insensitivity of the magnetic QCP to the mono-
clinic distortion might arise from the fact that the critical
elastic and magnetic fluctuations evolve in two different
crystallographic planes which are orthogonal, and there-
fore independent of each other [32]. On more general
grounds, the coupling of elastic degrees of freedom and
order parameters that couple bilinearly to strain fluctu-
ations was analyzed theoretically [33, 34] with the result
that long-range strain fields cause such transitions to be
mean-field like. This is clearly not what is seen in case
of the magnetic transition, demonstrating that the un-
conventional quantum criticality couples only weakly to
strain fluctuations. This is further corroborated by our
magnetization measurements (not shown) that do not re-
veal any change in the magnetization across the struc-
tural transition, confirming that the relevant magnetic
fluctuations do not couple to the structural transition.
We have shown that the combination of chemical sub-
stitution and hydrostatic pressure allows to separate the
magnetic from the structural transition. Furthermore,
elastic neutron scattering clearly detected critical fluc-
tuations above a structural QPT. The comparison be-
tween crystals with different x that are driven by hydro-
static pressure to the magnetic QCP and have different
distances to the structural instability, demonstrates that
the sensitive balance of Kondo effect and RKKY interac-
tion is hardly affected by the monoclinic distortion and
that the structural fluctuations do not relate to the un-
conventional quantum critical behavior. In view of the
strong electron-lattice coupling of heavy fermion systems
in general [35], this finding at first sight is surprising. The
universality of the unusual magnetic quantum criticality
thus appears to be surprisingly robust and independent
of the proximity to the structural transition.
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